We have examined relative levels of metabolic and electrical activity across layer IV in the primary somatic sensory cortex (Sl) of the rat in relation to regions of differential postnatal cortical growth. Each of several indices used-mitochondrial enzyme histochemistry, microvessel density, Na+/K+ pump activity, action potential frequency, and deoxyglucose uptake-indicate regional variations of metabolic and electrical activity in this part of the brain in both juvenile (lweek-old) and adult (1 O-l 2-week-old) animals. At both ages, areas of the somatic sensory map related to special sensors such as whiskers and digital pads showed evidence of the most intense activity. Thus, mitochondrial enzyme staining, blood vessel density, and Na+/K+ ATPase activity were all greatest in the barrels and barrel-like structures within Sl, and least in the adjacent interbarrel cortex and the cortex surrounding Sl. Multiunit recordings in and around the posteromedial barrel subfield of anesthetized animals also showed that the average ratio of evoked to spontaneous activity was greater in barrels than in the surrounding, metabolically less active cortex. Furthermore, autoradiograms of labeled deoxyglucose accumulation in awake behaving animals indicated systematic differences in neural activity across Sl; barrels and barrel-like structures showed more deoxyglucose accumulation than interbarrel, nonbarrel, or peri-Sl cortex. These regional differences in neural activity correspond to regional differences in neocortical growth . The correlation of greater electrical activity, increased metabolism, and enhanced cortical growth during postnatal maturation suggests that neural activity foments the elaboration of circuitry in the developing brain.
We have examined relative levels of metabolic and electrical activity across layer IV in the primary somatic sensory cortex (Sl) of the rat in relation to regions of differential postnatal cortical growth. Each of several indices used-mitochondrial enzyme histochemistry, microvessel density, Na+/K+ pump activity, action potential frequency, and deoxyglucose uptake-indicate regional variations of metabolic and electrical activity in this part of the brain in both juvenile (lweek-old) and adult (1 O-l 2-week-old) animals. At both ages, areas of the somatic sensory map related to special sensors such as whiskers and digital pads showed evidence of the most intense activity. Thus, mitochondrial enzyme staining, blood vessel density, and Na+/K+ ATPase activity were all greatest in the barrels and barrel-like structures within Sl, and least in the adjacent interbarrel cortex and the cortex surrounding Sl. Multiunit recordings in and around the posteromedial barrel subfield of anesthetized animals also showed that the average ratio of evoked to spontaneous activity was greater in barrels than in the surrounding, metabolically less active cortex. Furthermore, autoradiograms of labeled deoxyglucose accumulation in awake behaving animals indicated systematic differences in neural activity across Sl; barrels and barrel-like structures showed more deoxyglucose accumulation than interbarrel, nonbarrel, or peri-Sl cortex. These regional differences in neural activity correspond to regional differences in neocortical growth . The correlation of greater electrical activity, increased metabolism, and enhanced cortical growth during postnatal maturation suggests that neural activity foments the elaboration of circuitry in the developing brain. [Key words: cortex, development, growth, metabolic activity, electrical activity, barrels]
We report here a series of experiments examining the relationship between regional activity and cortical growth. The effects of activity on brain development are usually considered in the context of competition and circuit segregation (e.g., Purves and Lichtman, 1985; Purves, 1988; Shatz, 1990; Goodman and Shatz, 1993) . The seminal experiment that lead to this conceptual framework was carried out by D. H. Hubel and T. N. Wiesel 30 years ago (Wiesel and Hubel, 1963) . They found that when one eye is closed in a kitten, a shift in ocular dominance occurs, with inputs from the deprived eye being suppressed or lost. When both eyes are closed, however, ocular dominance remains roughly normal. Evidently, the effect of monocular deprivation is generated not by the overall level of cortical activity, but by the relative activity of afferents arising from each of the two eyes. A great deal of research in developmental neurobiology has therefore been directed toward understanding the role of activity in competition. Based on Hubel and Wiesel's work, a broad consensus has emerged that the major role of activity in neural development is to "validate" and refine neural connections. Our approach in the present work has been to evaluate the relationship of electrical activity, metabolism, and brain growth per se, apart from (or in addition to) the role of activity in competition.
The primary somatic sensory cortex (S 1) ofjuvenile and adult rats was used for these studies because of the clarity with which the somatotopic map can be seen in the cortex, and therefore measured (Fig. 1) . One-week-old animals were chosen as the starting point for the study because the somatotopic map is fully formed by this age, although the cortex continues to grow substantially . The constituent parts ofthis large region (about 15% of the neocortex in adult rats) do not grow to the same extent . First, barrels and barrellike structures in Sl grow more during postnatal maturation than the surrounding cortex. Second, barrels in regions of Sl corresponding to parts of the body that are overrepresented grow more than barrels associated with relatively underrepresented body parts. Finally, Sl as a whole grows more than the surrounding neocortex. Here we have used a variety of techniques to ask whether the metabolic and electrical activity of neocortical regions that grow more exceeds that of adjacent regions that grow less. Our results show that more active regions grow to a greater extent than less active ones, suggesting that the amount of circuitry devoted to various functions is modulated during maturation by neural activity.
Materials and Methods
All procedures were performed on male Sprague-Dawley rats obtained from Harlan Sprague-Dawley (Indianapolis, IN) and Charles River Laboratories (Raleigh, NC) at 1 week of age (juveniles) or 10-12 weeks of age (full adults). Measurements were limited to cortical layer IV in and around S 1. The terms we use here to describe the features of S 1 follow the conventions of our previous report ; see also Fig.  1 ). Briefly, "barrel" and "barrel-like structures" refer to the dense patches of succinate dehydrogenase (SDH) or cytochrome oxidase (CO) reaction product that are prominent in layer IV throughout Sl. Within each of the five major cortical representations of the body (the repre-sentations of the whiskerpad, anterior snout, lower jaw, forepaw, and hindpaw), the regions between barrels are designated "interbarrel" cortex; "nonbarrel Sl" cortex refers to barrel-free cortical regions lying within S 1 but outside of the major body representations. Finally, "peri-S 1" cortex refers to the neocortex immediately surrounding S 1. Mapping mitochondrial enzyme activity. Juvenile and adult rats were deeply anesthetized with sodium pentobarbital (250 mg/kg) and perfused through the heart with 0.9% saline followed by 10% glycerol for SDH histochemistry, or a solution of 3% paraformaldehyde, 0.5% glutaraldehyde, and 10% glycerol in 0.1 M sodium phosphate buffer (pH 7.4) for CO histochemistry. The cerebral cortex was removed, flattened, and frozen as previously described . Serial tangential sections were cut in a cryostat (-20°C) at 25 pm, mounted onto gelatincoated slides, and stained to demonstrate SDH activity by a modification of the method of Kugler (1982; Kugler et al., 1988) . Sections were reacted at 12°C for 30 min in 7.5% polyvinyl alcohol, 50 mM sodium succinate, 10 mM sodium azide, 1 mM nitroblue tetrazolium, and 0.25 mM phenazine methosulfate in 0.1 M sodium phosphate buffer (pH 7.6). The reaction was stopped by rinsing in distilled water and fixing the sections in cold 10% formalin for 10 min. The slides were then washed in distilled water and coverslipped using Aqua-Mount (Lemer Labs, Pittsburgh, PA). For CO histochemistry, mounted sections were incubated for 90 min according to the method of Wong-Riley (1979) .
The regional density of reaction product (expressed as percentage transmittance) was assessed quantitatively using a microcomputer-based image analysis system (Image l/AT, Universal Imaging, West Chester, PA). For the sake of convenience, we use the term "activity" to describe several of our observations; we recognize that density measurements of enzyme reaction product could reflect the amount of enzyme, its specific activity, or both. For every brain, each tangential section in which barrels were apparent was digitized at a resolution of 5 12 x 480 using a CCD video camera; dark (no incident light) and white (empty field) images were captured and used for shading correction. This procedure reduces error due to light scattering and uneven illumination of the image plane. For analysis of mitochondrial enzyme activity, and for all other densitometric procedures (see below), the barrel borders in each section were used to create a template for measuring the staining intensity in the representations apparent in that section ( Fig. 1 ; see also Riddle et al., 1992) . The percentage transmittance of each area was determined as follows. First, in each digitized image, we drew the borders of the barrels in the five major representations and measured the percentage transmittance of each barrel. Second, we determined the density of reaction product in the interbarrel area within each representation. Third, we measured the transmittance in the nonbarrel Sl cortex, and in the peri-Sl cortex. Average values for each of these areas were coded by gray level, identified by pseudocolor, and projected onto a complete map of S 1 drawn with the aid of a camera lucida. The offset of each map was adjusted to ensure that the center of the range of values was at the center of the gray scale. The contrast was inverted so that lower values of transmittance (more intense staining) appear as higher ("warmer") values on the pseudocolor scale; however, the absolute contrast of each image was not altered.
Mapping microvessel density. Following perfusion of juvenile and adult animals as described above, the descending aorta was tied off and ink (Rapidograph, Universal 3080, Bloomsbury, NJ) was injected through the cardiac cannula (8 ml for juveniles, 20 ml for adults). The cerebral cortex was then removed, flattened, and frozen . Serial tangential sections were cut in a cryostat at 35 pm and processed for SDH or CO histochemistry, as described above.
Images of microvessels were made with a CCD videocamera at a final magnification of 350 x , and digitized using the Image 1 analysis system. Microvessel density was defined as the area occupied by microvessel profiles per unit area of cortex (see Zheng et al., 199 1) . Since changing the settings of the microscope or videocamera alters the number of pixels representing blood vessels, a standard brightness and gain were used throughout these analyses. Microvessel density was measured within the barrel, interbarrel, nonbarrel Sl , and peri-S-1 regions in multiple 0.25 mm* samples (Fia. 2). For everv brain studied. 5 samnles from each of the five-somatic representations, 10 samples from nonbarrel Sl cortex, and 11 samples from peri-S 1 cortex were analyzed. To evaluate the overall distribution of blood vessels in and around Sl, we used a computer-controlled automated stage to scan layer IV in 9-l 3 serial 35 pm sections from each brain (see Fig. 5 ). In this way, we determined microvessel density in approximately 1400 squares (200 x 200 pm) that covered Sl and the surrounding cortex. The values of microvessel density in each square were converted to gray levels from 1 to 255, represented with pseudocolor, and projected onto a map of Sl drawn with the aid of a camera lucida (see Fig. 5 ).
Mapping Na+/K+ ATPase activity. Juvenile and adult rats were perfused through the heart with 0.9% saline, followed by 3% paraformaldehyde, 4% sucrose in 0.1 M sodium cacodylate buffer (pH 7.4). For the juvenile animals 0.5% glutaraldehyde was added to the fixative solution to improve tissue preservation. Brains were then removed and the cortical mantles dissected and flattened. Sections were cut with a vibratome at 75 pm or with a cryostat at 50 pm, collected in cacodylate buffer, and processed by the p-nitrophenyl phosphate method for demonstrating Na+/K+ ATPase activity (Stahl and Broderson, 1976a,b) . The regional density of the ATPase reaction product was assessed in the same manner as the reaction products of SDH and CO (see above). In order to evaluate the specificity of the technique, ouabain (Sigma, St. Louis, MO), an inhibitor of Na+/K+ ATPase, was added to the preincubation and incubation media in control trials. Incubation in 30 mM ouabain abolished the specific staining of barrel, interbarrel, and nonbarrel regions.
Mapping electrical activity. Juvenile and adult rats were anesthetized for electrophysiological recording with urethane (1.5 gm/kg, i.p.) and placed in a stereotaxic apparatus or head-holder that allowed electrodes to be positioned perpendicular to any region of the cortical surface. Rectal temperature was maintained at 37°C by means of an automatic temperature control system. The skull was exposed through a midline incision, the temporalis muscle partially reflected, and a craniotomy opened over the left posteromedial barrel subfield (PMBSF). We focused on this region because of its well-established relationship to specific peripheral sensors (Woolsey and Van der Loos, 1970) and the relatively large amount of interbarrel cortex. The dura was removed to facilitate penetration of the microelectrodes, and the surface of the brain covered with 2% agar to prevent drying.
Multiunit activity was recorded with tungsten microelectrodes (impedances, 0.3-2.0 MG; Frederick Haer and Co., Brunswick, ME) in and around the PMBSF. The electrode signal was amplified, band pass filtered (SOO-10,000 Hz), and monitored on an oscilloscope and loudspeaker. Spike frequency was analyzed on line using a slope/height window discriminator and a timed counter. The window discriminator was adjusted by first measuring the peak-to-peak noise amplitude (1 O-20 /IV) with the electrode tip immersed in the agar covering the brain; the threshold of the window discriminator was then set at 1.5 times the noise amplitude. The electrode tip was advanced to 500-600 pm in juveniles and 650-750 pm in adults, depths empirically determined to be mid-layer IV. A 10 min period was allowed to pass before beginning data collection.
At each recording site, the total number of action potentials occurring in consecutive 10 set samples was determined during alternating periods of rest and peripheral stimulation. Thus, in the first 10 set sample basal activity was recorded in the absence of peripheral stimulation; a second 10 set sample was then obtained during stimulation by passing a handheld stream of air over the contralateral face in a rapid circular motion. This procedure deflected all of the whiskers (and common fur) in a variety of directions, an important consideration since individual units in the PMBSF are often directionally selective (Simons, 1978) . In addition to stimulating vibrissal receptors, this method presumably acti- Figure I . Histochemical demonstration of primary somatic sensory cortex in the rat, and definition of its constituent parts. A, Digitized image of a single SDH-stained tangential section of the primary somatic sensory cortex in a juvenile (1 -week-old) rat. Scale bar, 2 mm. B, Complete S 1 map in the same animal reconstructed from multiple sections. Barrels (gray) , interbarrel areas ofellow), and nonbarrel Sl areas (red) in each section were defined using the centroids of the outermost barrels in each major representation (see Riddle et al., 1992, for details) . Barrels related to facial whiskers around the naris and eye, near the comer of the mouth, and at the midline neck (all coded black) were omitted from the analysis, and consequently are not shown in subsequent maps. Similarly, the trunk representation with its less distinct borders was not included in most analyses, and is also not shown in subsequent figures.
B vated a variety of other cutaneous mechanoreceptors. The next 10 set samnle was again of basal activitv, and so on for the full run of 10 samples. Afte; a 5 min waiting pknod, another set of 10 alternating samples was obtained to allow for possible fluctuations in arousal or other systemic changes that might affect basal or evoked cortical activity. Finally, the position of the electrode tip was marked by a small electrolytic lesion (3 PA for 3 set). Typically, 6-10 electrode penetrations were made in each animal. After the experimental session was complete, the animal was perfused and the brain processed for SDH histochemistry, as described above. Each electrolytic lesion was localized both vertically and horizontally with respect to the pattern of barrels.
For each recording site, we calculated the mean number of spikes in the basal samples and in the samples obtained during peripheral stimulation. Two aspects of these data were evaluated: (1) the level of basal activity and (2) the ratio of evoked to basal activity. All measurements were grouped into barrel, interbarrel, and nonbarrel Sl categories according td the location of the electrolytic lesions.
&faming 3H-2-deoxvnlucose uptake. Tritiated deoxyglucose (2-DG) was i&used in awake behaving jivenile and adult animals. In juvenile rats, infusions of 2-DG were made in the jugular vein after exposure of the vessel under local anesthesia (lidocaine, 10 mg/ml). This procedure took no more than 5 min. Adult rats were anesthetized with a mixture of ketamine and xylazine (40 and 2 mg/kg, i.m., respectively) and a polyethylene catheter was implanted into the femoral vein. The adult animals were allowed to recover from anesthesia for 10-12 hr before isotope injection. For both juveniles and adults, a solution of 3H-2-deoxyglucose (American Radiolabeled Chemicals, St. Louis, MO) in 0.9% saline (3 pCi/gm body weight) was introduced over 15 sec. The infusions were always made at the same time of day to avoid any metabolic effects of diurnal rhvthms (Richardson and Rosen, 1971) . After 45-50 min, the rats were-deeply inesthetized with pentobarbital (250 mg/kg, i.p.) and decapitated. The brains were rapidly removed, hemisected, flattened, and frozen. To evaluate the importance of normal mechanoreceptor activity and wakefulness to 2-DG labeling under these conditions, similar experiments were performed on adult animals fully anesthetized with sodium pentobarbital(50 mg/kg, i.p.) or urethane (1.5 gm/kg, i.p.) during the 45 min period of isotope uptake. Serial tangential sections were cut in a cryostat (-25°C) at 20 pm, thaw-mounted onto gelatin-coated coverslips, and quickly dried on a hot plate (50°C). The coverslips were overlaid with tritium-sensitive Hyperfilm (Amersham, Arlington Heights, IL) and exposed for 1 O-l 5 d at 4°C. The film was developed in Kodak D-19 for 5 min, fixed with Kodak rapid-fixer for 5 min, washed in running water for 15 min, and air dried. The tissue sections were then processed for SDH histochemistry, as described above.
The autoradiograms were analyzed by quantitative densitometry after superimposing them onto the corresponding SDH-stained sections. To assure correct alignment of the images, fiducial marks were made prior to exposure. Detailed measurements of transmittance in barrel, interbarrel, and nonbarrel regions were made after defining individual barrels, as described above; comparisons were carried out by averaging the transmittance values ofeach region. The average values oftransmittance were coded as gray scale values and plotted on the complete digitized map of Sl (see Fig. 12 ).
Regional densitometric comparisons. Densitometric analyses of mitochondrial enzyme activity, Na+/K+ ATPase activity, and 2-DG uptake were carried out in a similar fashion. For each relevant section, a series of comparisons were performed to evaluate the relative transmittance in the pertinent regions in and around Sl These comparisons were expressed as the percentage difference in staining intensity in one region (e.g., barrels) relative to the staining intensity in another region of the same section (e.g., interbarrel or nonbarrel Sl cortex). The corresponding values across different sections from the same brain were then averaged, and group means for juvenile and adult populations determined.
Results

Differential growth of the primary somatic sensory cortex
In an earlier article , we described the area1 growth ofthe primary somatic sensory cortex and its constituent c
The Journal of Neuroscience, October 1993, 13(10) 4197 Ratios for each of the three percentage difference categories were always determined in individual sections to compensate for any differences in staining; percent differences were calculated as the barrel value minus the comparative value, divided by the comparative value. parts in the developing rat. Our major findings were that (1) as a group, barrels and barrel-like structures grow more than other regions of S 1; (2) barrels in the representation of the head grow substantially more during maturation than those in the representations of the paws; and (3) the primary somatic sensory cortex as a whole grows more than the surrounding neocortex. These points are summarized in Figure 3 . By each of the parameters examined in the present report-mitochondrial enzyme activity, microvessel density, sodium-potassium pump activity, action potential frequency, and 2-DG uptake-the regions of greatest neural activity correspond to the regions of greatest growth.
Distribution of mitochondrial enzyme activity
The intensity of SDH activity across Sl in five juvenile hemispheres (four rats) was measured by determining the relative density of reaction product in barrel, interbarrel, nonbarrel S 1, and peri-Sl regions. Barrels stained more intensely than interbarrel, nonbarrel, or peri-S 1 cortex (Table 1, Fig. 4A ). Moreover, barrels in the head representations stained more intensely than barrels in the paw representations (Fig. 4A) , and Sl as a whole (the combined barrel, interbarrel, and nonbarrel Sl regions) exhibited greater SDH activity than the peri-Sl cortex (a 15 f 1% difference). Thus, the pattern of enzyme activity in juvenile animals closely parallels the pattern of differential growth (compare Figs. 3, 4A) .
The pattern of SDH activity in four adult hemispheres (four rats) was similar to that in juvenile animals, although the regional differences in staining were less pronounced (Table 1, Fig.  4B ). In addition, three juvenile and three adult hemispheres were processed for CO histochemistry.
As expected for another mitochondrial enzyme involved in oxidative metabolism, the pattern of CO staining was similar to that of SDH.
Distribution of microvessels
To obtain a different index of regional cortical metabolism, we measured the vascularization of layer IV after perfusion with ink. An analysis of microvessel distribution in barrel, interbarrel, nonbarrel, and peri-Sl cortex in 10 juvenile hemispheres Figure 2 . Analysis of microvessel distribution in and around the primary somatic sensory cortex. A, Photomicrograph of ink-filled microvessels and barrels (revealed by CO staining) in the anterior snout representation. B, Digitized and processed image of microvessel profiles in A; lines were drawn to indicate barrel borders. Such images were used to measure microvessel density in the various regions of S 1. Scale bar, 100 pm. Mean ? SEM 15.3 + 0.8 10.4 + 0.6 12.9 * 0.7 11.9 f 0.8
(seven animals) showed that microvessel density was always that the average vascular density in each of the five major repgreater within barrels than in other regions (Table 2) . Furtherresentations within Sl is higher than in the nonbarrel region, more, the average microvessel density in barrels varied among and that the head representation is more heavily vascularized representations.
For example, the average density of vessels in than the paw regions (Fig. 5) . In addition, Sl as a whole stands barrels ofthe anterior snout representation was 27% greater than out from the surrounding neocortex as a region of generally that in the barrels of the hindpaw representation.
greater vascular density. A more general analysis of microvessel density in layer IV of the parietal and frontal cortex was undertaken in three additional hemispheres from three juvenile rats by automated scanning (see Materials and Methods). These measurements showed
We also analyzed microvessel density in 13 hemispheres from 11 adult animals (10 hemispheres for regional sampling, 3 for automated scanning). Although the differences were less pronounced, the pattern of microvessel distribution was similar to . Distribution of microvessel density in layer IV of the primary somatic sensory cortex of a representative juvenile rat. A, Overall map of microvessel distribution. Microvessel density was analyzed sequentially in 200 x 200 pm squares, converted to gray levels from 1 to 255, color coded, and then projected onto a map of the Sl barrels reconstructed from the same sections. Note that measurements distant from Sl are less confidently assigned to layer IV than measurements within and immediately around S 1. B, The average microvessel density in the major somatic representations within Sl is higher than both the nonbarrel Sl regions and the periS cortex. Scale bar, 2 mm. Figure 6 . Distribution of microvessel density in layer IV of the primary somatic sensory cortex of a representative adult rat. A, Overall map of microvessel distribution in layer IV of S 1. Microvessel density was analyzed in the same fashion as in juvenile animals. B, Although the differences are less pronounced than in juveniles (compare Fig. 5 ), the average density in each of the major somatic representations within Sl is higher than in the nonbarrel S 1 regions and the cortex surrounding S 1. Scale bar, 2 mm. that in juveniles (Table 2 , Fig. 6 ). Thus, the distribution of microvessels in layer IV of S 1 in both juvenile and adult animals corresponds to the pattern of mitochondrial enzyme staining, and to the pattern of differential cortical growth (see Fig. 3 ).
Distribution of sodium/potassium ATPase activity
In four juvenile hemispheres (three rats), barrels showed greater ATPase activity than the interbarrel, nonbarrel, or peri-Sl cortex (Table 3) . Differences in barrel ATPase activity among the representations within Sl were also apparent (Fig. 7) . Thus, barrels stained more intensely in the head representation than in the paw representations. As was the case for patterns of mitochondrial enzyme staining and blood vessel density, Sl as a whole exhibited greater ATPase activity than the surrounding cortex. The same pattern of Na+/K+ ATPase activity was observed in four adult hemispheres (three rats) (Table 3, Fig. 8) . As with the other measures we used, the regional differences in ATPase activity were present but somewhat less prominent than in juvenile animals.
Regional dlxerences in ongoing electrical activity
The pattern of ATPase activity described in the preceding section suggests that ongoing levels of neural signaling vary across Sl (see Discussion). To substantiate this implication, we examined multiunit activity in the PMBSF and in the nonbarrel c Sl cortex immediately adjacent to the E row of barrels in anesthetized animals. Units in interbarrel and nonbarrel cortex in and around the PMBSF often respond to mechanosensory stimulation of the face (Welker, 1976; Chapin and Lin, 1984) . In accord with previous observations (Armstrong-James, 1975; Armstrong-James et al., 1985) , we found very little spontaneous activity in Sl in six juvenile animals (Fig. 9, upper panel) . We could, however, evoke electrical activity for recording sites near barrel centers by moving the corresponding whisker (Fig. 9,  lower panel) . Although the small size of the evoked responses Fig. 7) , the average density in barrels remains generally higher than in the interbarrel, nonbarrel Sl, and per&S1 regions. Scale bar, 2 mm. precluded the quantitative analysis of unitary activity carried out in mature animals (see below), these observations show that stimulation of peripheral mechanoreceptors evokes electrical activity in barrels at least as early as 1 week of age. We next examined electrical activity in and around the PMBSF in 33 adult animals (Fig. 10) . First, we analyzed basal activity (i.e., the number of action potentials recorded per unit time in the absence of peripheral stimulation) within and around this region of the S 1 map. As reported previously (Armstrong-James and Fox, 1983; Armstrong-James et al., 1985; Fox and Armstrong-James, 1986) , basal activity recorded from adult rats anesthetized with urethane consists mainly of prominent bursting activity in the delta range (~4 Hz) throughout Sl and the surrounding neocortex (Fig. 10, upper panel) . Such basal activity was greater within the PMBSF than in the nonbarrel Sl cortex (Table 4) .
We then compared levels of basal electrical activity to levels obtained at the same recording site during sustained stimulation of the mystacial vibrissae and surrounding regions of the face and snout (Figs. 10, 11 ) (see Materials and Methods). In 89 such Basal activity* 107.7 z!C 15.7 110.8 * 19.5 45.8 zk 7.4 (n = 13) (n = 13) (n = 13) Net increase in activity with 457.9 + 124.8 154.4 + 28.e 57.4 IfI 18.5eJ peripheral stimulationd (n = 10) (n = 10) (n = 10) Ratio of evoked to 5.9 + 1.3 3.5 + 0.9' 2.2 rf: 0.4 basal activity* (n = 10) (n = 10) (n = 10) 0 Within 0.5 mm of the E row of barrels.
* Counts of action potentials per 10 set interval in the absence of peripheral stimulation (mean + SEW, n = number of animals). L Value significantly less than the corresponding value for the barrel and interbarrel groups (p < 0.005, nonparametric ANOVA for multiple comparisons). d Difference between counts obtained during sustained peripheral stimulation and counts obtained under basal conditions; values were determined for each recording site individually (mean c SEM, n = number of animals). p Value significantly less than the corresponding value for the barrel group (p c 0.005). ' Value significantly less than the corresponding value for the interbarrel group @ < 0.005). .e Ratios of counts obtained during sustained peripheral stimulation to counts obtained under basal conditions; values were determined for each recording site individually (mean k SEM; n = number of animals).
lb rrel I-_- Figure II . Ratio of evoked to basal activity in different regions in layer IV of the primary somatic sensory cortex in urethane-anesthetizedadult rats. Each symbol represents the ratio of activity during sustained peripheral stimulation to the activity under basal conditions for a particular recording site (see Fig.  10 , Table 4 ). Although the range of individual values was large for each group, the mean ratio was two to three times greater when the electrode was in bar-I rels than when the recording site was in interbarrel regions or in nonbarrel Sl
InterNonbarrel barrel 20 -cortex (see Table 4 ). Inset, typical electrolytic lesion (arrow) used to identify each recording site (in this case the Ei barrel).
recordings from 13 animals, this stimulus increase :d the level of activity at barrel , interbarrel, and nonbarrel recordALL, OIIcI) ,' +. inn &toc llz" Distribution of jH-2-DG accumulation 1 1, Table 4 ). The ratio of evoked to basal activity (as well as These electrophysiological observations are limited by the efthe absolute difference between these measurements) was greatfects of anesthesia and uncertainty about the adequacy of the est within barrels, less in interbarrel regions, and least, as exstimulus applied. We therefore examined the uptake of radiopetted, in the nonbarrel cortex (see Table 4 ). labeled 2-DC in awake behaving animals. In autoradiograms Figure 12 . Differential uptake of IH-2-DC in the primary somatic sensory cortex of a representative juvenile rat. A, Montage of digitized autoradiograms from an awake behaving animal, showing the uptake of 2-DG in layer IV of Sl and the surrounding cortex. B, Color-coded map showing differential 2-DG uptake in and around Sl and its component parts; barrel borders were determined by SDH staining of the sections from which the autoradiograms were prepared. Scale bar, 2 mm. Figure 13 . Differential uptake of 3H-2-DG in the primary somatic sensory cortex of a representative adult rat. A, Montage of digitized autoradiograms from an awake behaving animal, showing the uptake of 2-DG in layer IV of S 1 and the surrounding cortex. B, Color-coded map showing differential 2-DC uptake in and around Sl and its component parts; barrel borders were determined by SDH staining of the sections from which the autoradiograms were prepared. Scale bar, 2 mm. . Suppression of differential 2-DG uptake in S 1 by anesthesia. Montage of digitized autoradiograms from an adult rat anesthetized with urethane (1.5 gm/kg) throughout the 45 min period af 2-DG uptake. Autoradiograms from. anesthetized animals showed much less overall 2-DG uptake compared to awake behaving animals (compare Fig. 13A ). Scale bar, 2 mm.
of four juvenile hemispheres (four rats), Sl as a whole stood out from the surrounding cortex as a region of greater 2-DG accumulation (Fig. 12A ). When the sections from which the autoradiograms had been prepared were counterstained with SDH to reveal barrels and barrel-like structures, it was apparent that the representations tended to accumulate more 2-DG than the surrounding cortex (Fig. 12B , Table 5 ). An even more distinct pattern of 2-DG uptake was observed in autoradiograms of five adult hemispheres (four rats) ( Table  5 , Fig. 13 ). Barrels, wherever their location, accumulated more 2-DG than adjacent interbarrel, nonbarrel, or per&S1 cortex. Overall, barrels in the head representation exhibited slightly greater 2-DG uptake than those in the paw regions.
These differences were not apparent in control experiments carried out on four adult animals anesthetized with either urethane or sodium pentobarbital during the period of2-DG uptake (Fig. 14) (see above and Materials and Methods). This marked reduction in differential 2-DG uptake after anesthesia is con- Values were calculated as in Table 1. sistent with the relatively small regional differences in basal electrical activity observed in unstimulated urethane-anesthetized animals (see above and Table 4 ). The results of these observations on 2-DG accumulation in juvenile, adult, and anesthetized animals are consistent with our electrophysiological and metabolic analyses, confirming an ongoing pattern of differential cortical activity that matches the pattern of cortical growth.
Discussion
Many previous studies of the primary somatic sensory cortex have investigated the critical period for the formation of barrels (in rodents), or adult cortical plasticity (in rodents and primates) (reviewed in Killackey et al., 1990; Woolsey, 1990) . The present work, in contrast, addresses activity-dependent modulation of cortical growth during postnatal maturation. Our studies thus begin after the critical period, at a time (1 week of age) when the cortical map in S 1 in the rat is fully formed but much cortical growth-about a doubling of cortical area-still lies ahead . This approach addresses a fundamental issue in neurobiology, namely, the effects of ongoing electrical activity on the amount of cortical circuitry ultimately devoted to different functions.
We have organized our evaluation of Sl along three general lines. First, we examined regional variations in metabolism by measuring the activity of mitochondrial enzymes and microvessel density. Second, we examined regional variations in metabolism that are more specifically related to electrical activity by measuring Na+/K+ ATPase staining. Finally, we examined electrical activity and 2-DG uptake in and around S 1. In the aggregate, our results demonstrate systematic variations in average levels of neural activity across layer IV of this region of the developing rat brain. These differences correlate with regional variations in postnatal cortical growth, the more active regions of Sl growing more than the less active ones (see Fig.  3 and Riddle et al., 1992) . We therefore consider the possibility that differential cortical growth is modulated by levels of neural activity in the developing brain.
The relationship of metabolic and electrical activity The indices we have used to examine Sl and its component parts reflect related but different aspects of neuronal activity.
SDH and CO histochemistry have long been used to visualize the Sl map in rodents (e.g., Dawson and Killackey, 1987; Wallace, 1987; Riddle et al., 1992) . These mitochondrial enzymes are found primarily in the axon terminals (SDH) and dendrites (CO) of the neuropil (Killackey et al., 1976; Killackey and Belford, 1979; Wong-Riley, 1989 ). The representations of major body parts are apparent in Sl because of the relatively more intense staining of barrels and barrel-like structures (as well as larger patches like the trunk representation). Such differential staining suggests that ongoing metabolic activity within Sl is heterogeneous. In adult animals at least, the activity of these and other enzymes responsible for energy production in the brain has been taken to reflect the tight coupling of oxidative metabolism and neuronal activity (e.g., Sokoloff, 1977 Sokoloff, , 1978 Sokoloff, , 1979 Wong-Riley, 1989) . The differential distribution of mitochondrial enzymes is paralleled by the distribution of microvessels in S 1. This finding accords with other evidence that the vascularization of the cortex varies from region to region, apparently reflecting the chronic metabolic demand of functionally different areas (Campbell, 1939; Patel, 1983; Weibel, 1984; Borowsky and Collins, 1989; Zheng et al., 199 1) .
The pattern of Na+/K+ ATPase staining also implies systematic variations in average levels of neural activity across this part of the cortex. Sodium/potassium ATPase is located primarily in neuropil (Lewin and Hess, 1964; Stahl and Broderson, 1976a,b; Hevner et al., 1992) . This enzyme, which consumes about half the ATP produced in the brain, is a particularly good index of neuronal activity since it maintains the ion gradients required for signaling (Mata et al., 1980; Erecinska and Silver, 1989) . Thus, this result addresses a problem inherent in the use of metabolic markers to evaluate electrical activity in the maturing brain, namely, the energy requirements of growth per se. The distribution of ATPase indicates that the differential metabolism apparent with other markers in the juvenile somatic sensory cortex reflects, at least in large part, regional variations of neural activity. The persistence of differential metabolism across the adult Sl after growth has ceased accords with this interpretation.
We nonetheless deemed it important to evaluate electrical activity directly. Although neuronal responses to whisker stimulation have been assessed in both anesthetized and awake rodents (Armstrong-James, 1975; Welker, 1976; Simons, 1978 Simons, , 1985 Simons and Woolsey, 1979; Simons et al., 1992) , these observations have focused on the receptive field properties of single units rather than on the overall levels of electrical activity across S 1. Our electrophysiological recordings showed that neurons in barrels of the PMBSF are more active in response to generalized mechanosensory stimulation of the face than neurons in interbarrel or adjacent nonbarrel regions. These experiments under anesthesia, however, may not reflect normal patterns of sensory activity. We therefore used labeled 2-DG to study the ongoing activity of Sl in awake behaving animals. This marker is taken up primarily by active presynaptic terminals (Sharp, 1976; Mata et al., 1980) . In agreement with the other indices examined, densitometric analysis showed greater 2-DG uptake in barrels than in interbarrel or nonbarrel cortex, greater uptake in the barrels of the head representation than in the representations of the paws, and greater uptake in Sl than in the surrounding cortex. Taken together, these results provide strong evidence for systematic regional differences in neuronal activity across this part of the mammalian neocortex.
The signljicance of greater neural activity in barrels Perhaps the most salient feature ofthe rat somatic sensory cortex is the presence of barrels and barrel-like structures. Barrels were initially described in relation to, and have long been associated with, the mystacial vibrissae of rodents and other mammals (Woolsey and Van der Loos, 1970; Woolsey et al., 1975) . It has become apparent, however, that structures in layer IV similar to those in the PMBSF occur throughout the primary somatic sensory cortex and indeed elsewhere in the cortex (Dawson and Killackey, 1987; Riddle et al., 1992) . The barrel-like structures in the paw representations are associated with the digital and palmar pads (Dawson and Killackey, 1987) ; therefore, it seems likely that these entities always represent special sensors. We have found no systematic difference in the functional characteristics of the barrels related to mystacial vibrissae and other barrel-like structures throughout Sl. These layer IV modules are universally characterized by increased mitochondrial enzyme activity, increased capillary density, increased Nat/K+ ATPase activity, and increased electrical activity relative to the immediately surrounding cortex.
A trivial explanation of these regional variations might be that they simply reflect an uneven distribution of cell bodies and neuropil that corresponds precisely to the arrangement of barrels or other modular elements. Although there are, ofcourse, cytoarchitectonic differences associated with barrels (this is how barrels were first noticed), these features seem unlikely to explain the metabolic and electrical characteristics of these structures. First, differences in cell body and synaptic (or neuropil) density across barrel and interbarrel regions do not always coincide with barrel boundaries (Patel-Vaidya, 1985) . Second, other cytoarchitectonic differences among barrels do not correspond to the metabolic and electrical patterns we describe. For example, anterior snout barrel centers are relatively poor in cell bodies, whereas PMBSF barrel centers are rich in cell somata (Welker and Woolsey, 1974; Patel-Vaidya, 1985) . Nonetheless, barrels throughout the head representation are characterized by high levels of metabolic and electrical activity. The structural feature that best correlates with barrels and barrel-like structures is the presence of thalamic afferents from the ventrobasal complex, which are presumably the proximal source of their greater electrical activity. Third, the formation of barrels can apparently be elicited in any cortical region by the functional consequences of innervation by these thalamic afferents (Schlagger and O'Leary, 1991) .
We have recently argued that the major significance of modules, whether in the somatic sensory cortex or elsewhere, is that they represent foci of coherent neural activity . Evidently, when regional levels of electrical activity in S 1 contrast sufficiently, modules become apparent anatomically by one or more of the methods we have used here. In short, we propose that the pattern of barrel and barrel-like structures in S 1 is, among other things, a manifestation of regional differences in average levels of neural activity, in both development and maturity.
Neural activity and cortical growth
The correlation of regional differences in neural activity with regional differences in postnatal cortical growth is striking (see Fig. 3 ). Barrels and barrel-like structures have the highest levels of metabolic and electrical activity within Sl and grow most during postnatal maturation.
Furthermore, the barrels in somatic representations in which there is greatest metabolic activity grow to a greater extent than those in less active representations. Finally, S 1 as a whole grows more than the neocortex generally, and is revealed in these studies as being, on average, metabolically and electrically more active than the surrounding cortex.
It should be noted that several recent reports suggest that electrical activity plays little role in the initial formation of barrels and barrel-like structures in S 1 or its subcortical relays. Thus, silencing the neonatal cortex (or the corresponding peripheral sensors) for a few days after birth with TTX or by other means does not interfere with the appearance of apparently normal cortical barrels, and the related entities in the thalamus and brainstem Chiaia et al., 1992; Henderson et al., 1992; Schlagger and O'Leary, 1992) . Evidently, the initial formation of such entities is not strongly influenced by function, unlike the formation of modular patterns in the visual system (e.g., Shatz, 1990) . These differences between the somatic sensory and the visual system, and their relationship to the present work, must eventually be explained.
The overall growth of S 1 (or any other region of the brain) is certainly not caused by neural activity; neural growth is a complex phenomenon to which many factors contribute (reviewed in Purves and Lichtman, 1985; Purves, 1988 Purves, , 1993 . Rather, we suggest that brain growth is modulatedby regional differences in activity, which thus regulate the amount of neuropil devoted to various functional roles in the mature brain. Such activitymodulated cortical growth could explain how the effects of experience can be permanently encoded in the developing nervous system.
